Here, we explore the dynamics of particle near the horizon of charged Mandal-Sengupta-Wadia (MSW) black hole in 2+1 dimensions. It results analysis of angular momentum and potential energy for null and time-like geodesics. We also appraise the high center-of-mass energy of coming particles from rest at infinity near the horizon of the charged MSW black hole in 2+1 dimension for the extremal case. Finally, we study the ISCO and MBCO radii for this type of black hole.
properties. Fortunately, Banados et al. [22] have brought 2+1 dimensional black hole firstly, named as Banados-Teitelboim-Zanelli (BTZ) black hole with negative cosmological constant which has opened a new window in classical, thermodynamical and quantum mechanics. Fernando [23, 24] has investigated charged dilaton black hole as particle accelerator in 2+1 dimensions which plays a key role in string theory. Then another kind of 2+1 dimensional black hole has been studied by Mandal, Sengupta and Wadia [25] . Then spectroscopy, thermodynamics and quasinormal modes of MSW black hole in 2+1 dimensions have been discussed by Sebastian [26, 27] .
Our motivation of this paper is to check the non-divergency or divergency (finite or infinite value) of the center-of-mass energy for both non-extremal and extremal cases of the charged MSW black hole in 2+1 dimensions to compare with BSW effect [1, 17, 23, 24, 28, 29] . In this work, we study a brief history of the charged MSW black hole in 2+1 dimensions [25] and calculate the radii of outer and inner horizons of this black hole in section 2. In section 3, we investigate circular geodesics for time-like and null cases. For time-like geodesics, we calculate angular momentum and energy per unit mass. We study effective potential for both cases and impact parameter for null geodesics. Here, we also find out ISCO and MBCO radii for this type of black hole. In section 4, we calculate center-ofmass energy for particle acceleration near the outer/inner horizon of the charged MSW black hole in 2+1 dimensions. We also analyze center-of-mass energy for particle-photon collision in section 5 and photon-photon collision in section 6. Finally, we give an inference of our proposed work in section 7.
A brief history of MSW Black hole:
MSW black holes relate to the concept of federation of General Relativity and String theory. From [30] , Einstein-Maxwell-dilaton action for (2+1) dimension is given by
where a, b, Λ and B are arbitrary couplings, R is the Ricci scalar, φ is the dilaton field, F µν is Maxwell field. From [31] , the corresponding action (1) for the low energy string theory with B = 8,b = 4,a = 1 execute the conformal transformation g
where E and S are Einstein and string metrics. Now we vary the aforementioned action (1) with metric, Maxwell and dilaton fields and we get
Now for getting MSW 2+1 black hole we can obtain charged MSW 2+1 black hole solution with the help of equations (1) 
where Here, Λ is cosmological constant, m is the mass, Q is the charge of the MSW black hole.
From where we can get two horizons: Event horizon and Cauchy horizon as r ± =
when m 2 ≥ 64ΛβQ 2 . Equality holds for extremal case with r =
16Λ 2 β 2 and r − = 0 i.e., there exists only event horizon but no inner or cauchy horizon which corresponds to MSW 2+1 black hole with no charge.
Circular Geodesics:
Geodesics generalize the Euclidian straight line to curved space-time followed by a particle without any kind of force. The circular geodesics is defined by r=constant. In this section we do follow the geodesics equations for two circular orbits: Null geodesics and Time-like geodesics [32] .
We consider the Lagrangian of the metric (6) as
where the generalized momenta are given by
where u = (u t , u r , u ϕ ) is the three velocity vector in 2+1 dimensions. Now, we define the conserved energy E and conserved angular momentum L per unit mass respectively
We take Hamiltonian, independent of t, being as
where σ = 0 for light-like geodesics, σ = −1 for time-like geodesics and σ = +1 for space-like geodesics. Substituting the equation (10) in equation (11) we get the radial velocity as
where the effective potential is as followed by
Time-like Geodesics:
With σ = −1, the radial equation (12) becomes
where
We must have for circular geodesics
Now for the equations (7), (14), (15) and (16) we have angular momentum and energy per unit mass respectively
and
There exists circular motion for both angular momentum and energy being real and finite i.e.,
We have plotted the graphs for radial components and effective potential with respect to radius for time-like geodesics. From figure 3 we have noticed that for the non charged MSW black hole in 2+1 dimensions the effective potential reaches zero at r = 0, then increases with r. For Q = 0 at first the effective potential V ef f → ∞ for r → 0 then decreases very fast from infinity with r but after a certain value of r the effective potential increases slowly comparable to the former case with radius. In this case the effective potential never reach zero.
ISCO and MBCO:
Kaplan [33] has first observed a circular orbit which is innermost stable for the Schwarzschild black hole with a minimal radius 3r h (r h is the radius of the horizon of the Schwarzschild black hole). This orbit is known as Innermost Stable Circular Orbit (ISCO) at which a test particle can stably orbit a massive object. Innermost circular orbit has been investigated by Jefremov et al. [34] for Schwarzschild and Kerr metrices. Zhang et al. [35] has also studied the ISCO for the Kerr-Newman black hole with spinning test particle. The ISCO in different black holes have been investigated in refs. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . According to [46] , all spherical orbits are not bounded of the black hole. On an infinitesimal perturbation, a particle can escape to infinity from the unbounded geodesics. So, there exists a critical orbit, known as Marginally Bound Circular Orbit (MBCO), which is separated from the unbounded spherical orbits. Hod [47] has studied MBCO for the rotating black holes.
We get ISCO radius (r ISCO ) of this type of black hole with equation (16) and
MBCO radius (r M BCO ) [28] is given by the MBCO equation
If r > r ISCO then the circular orbits are stable and as well as if r > r M BCO then we can conclude that the spherical orbits are bounded for the charged MSW black hole in 2+1 dimensions. Beyond theses conditions we can not get stable as well as bounded circular orbit. In astrophysics, these orbits play a crucial role to give important information of the background geometry.
and r M BCO can be found by solving the equation m 2 r(1 − 32Λβr) 2 = 16(m 2 r+16Λ 2 β 2 r 2 ) 2 respectively which correspond to MSW 2+1 black hole with no charge.
Light rays orbit:
Now for this orbit having σ = 0, equation (12) reduces to
For light rays/photon orbit we take Substituting equation (21) in the above condition (22) we have
and r = 64Q 4 m 2 corresponding to the circular photon orbital radius of this black hole. When Q → 0 then there exists no radius for circular photon orbit i.e., the non-charged MSW black hole in 2+1 dimensions has no null geodesics. Now, we define the impact parameter [28, 48] which determines the shape of the orbit of a photon incident from infinity on a black hole given by
whereas
for the non-charged MSW black hole in 2+1 dimensions.
We have plotted the graphs for effective potential with respect to radius for light rays orbit. From figure 4 we have noticed that for charged MSW black hole in 2+1 dimensions the effective potential never reach zero. But for non charged (Q = 0) case the effective potential U ef f → −∞ as r → 0 that means the effective potential reaches zero from negative infinity then increases with r. Again for Q = 0 the effective potential decreases rapidly from positive infinity to finite value with r but after some certain value of r the effective potential decreases extreme slowly. Figs. 4 represents the plots of the effective potential U ef f for null geodesics with respect to r taking m = 0.1, β = 0.2 and Λ = 0.1.
CME for particle collision near the horizon of MSW black hole in 2+1 dimensions:
Inspired by BSW method [1] we do the calculation of center-of-mass energy for time-like geodesical particle collision for this type of black hole for which three velocity components are given by
βr ) for infall/escape of the particles. In equation (25) , if u r > 0 then there will be outgoing geodesics and if u r < 0 then it is seen incoming geodesics for the particles. Here, we take "−" sign of u r for the particles falling into the MSW black hole in 2+1 dimensions. So, the corresponding three velocity components (25) reduce to
Two neutral particles with different mass:
We study CM energy for two colliding particles with rest masses M 1 , M 2 ; angular momenta L 1 , L 2 per unit mass and energy E 1 , E 2 per unit mass. Therefore, we consider that two particles are at the same space-time point having the three momenta [4] Figs. 5 and 6 represent the plots of E CM with respect to r taking m = 1, β = 5 and Λ = 2.
where p a i and u a i are the three momenta and the three velocity of particles i (i = 1, 2). Now, the sum of these two momenta is p
Then the CM energy for the two particles is defined as
Using u a u a = −1, we have [1, 6-10]
Using equations (25), (26), (27) and (29) we get the CM energy as
Two neutral particles of same masses:
With the help of previous section for colliding particles with rest mass M , we define CM energy formula as For non-extremal case i.e.,when r + = r − , then CM energy (31) near the event horizon reduces to
It is clear from equation (32) that for r + = r − (non-extremal case), the CM energy is finite which depends upon the values of the angular momenta. Now, we draw the graphs for E CM with respect to r and also locate r + = 6.15 on the figure 7 and r + = 4.51 on the figure 8.
The angular velocity at r = r + is given as
Then the critical angular momenta is
For extremal case, when m 2 = 64ΛβQ 2 then the horizon is at r = r + = r − = m 2 64Λ 2 β 2 and if one of particles has divergent angular momentum at the horizon i.e., L 1 → ∞ as r → m 2 64Λ 2 β 2 , then we get E CM → ∞. So, if one of particles has very high angular velocity at the time of coincidence of the event horizon and cauchy horizon on each other (r + = r − ) then we have extremely high center-of-mass energy.
At the center of this MSW black hole, the center-of-mass energy is also divergent (E CM → ∞). When r → ∞ then E CM → √ 2M .
Particle collision with photon:
Scattering of a photon by an electron incorporates Compton Scattering process where the energy of the photon is transferred to the recoiled electron. Motivated by this method we consider an infalling Figs. 9 and 10 represent the plots of E CM with respect to r taking m = 0.1, β = 0.1 and Λ = 0.2.
particle collision with an outgoing massless photon [49] . With the help of time-like geodesic of a particle and the null geodesic of a photon i.e., with the help of equations
respectively, we get photon velocity components (σ = 0) as
where (U t , U r , U ϕ ) and (K t , K r , K ϕ ) are particle velocity components and photon velocity components respectively, H(r) is given from equation (7) and E γ , L γ are energy and angular momentum of the photon respectively.
The center-of-mass for collision between a particle of rest mass M and a mass free photon is given as [49] E
Substituting equations (25), (35), (36) and (37) in equation (38), we obtain 
Collision between two photons:
Here we consider collision of two massless photons near the horizon [49] of this black hole. The null geodesic of two photons satisfying
the photon velocity components (σ = 0) are
where H(r) is given by equation (7) and E γ i , L γ i are energy and angular momentum of the i th photon respectively, i = 1, 2. Now the center-of-mass energy for collision of two mass free photons is [49]
Now equation (43) can be reduced with the help of equations (40), (41) , and (42) as
7 Inference:
In this work, a charged MSW black hole has been observed in 2+1 dimensions. From this type of black hole we have calculated cauchy and event horizon radii whereas there is no cauchy/inner horizon in case of this black hole with no charge.
Next, we have considered two geodesics: (i) Time-like geodesics and (ii) Light-ray geodesics. For time-like geodesics we have calculated three velocity components i.e., u t , u r and u ϕ . Also from figure 3, we have found effective potential which reaches zero at r = 0, then increases with r. For Q = 0 the effective potential V ef f → ∞ for r → 0 but after a certain value of r, it increases slowly with radius. We have solved energy and angular momentum per unit mass of this black hole; we have also found ISCO and MBCO radii for time-like geodesics from where we have concluded that the circular orbits are stable for r > r ISCO and bounded for r > r M BCO . For light rays orbit we have investigated the same things like time-like geodesics. Here, we have seen from figure 4 that for charged MSW black hole in 2+1 dimensions the effective potential never reach zero whereas for non charged (Q = 0) case the effective potential (U ef f ) crosses zero and tends to −∞ as r → 0. Again, for charged case the effective potential decreases from positive infinity to give finite value with r.
There has been drawn attention on the non-divergency and divergency of CME for particle collision near many black holes in [17, 28, 29] . In this work, we have examined CME near the horizons of this black hole with particle collision to compare with the previous work to verify what we have got the values of CME (finite or infinite). Finally, we have noticed that E CM → ∞ for extremal case and finite for non-extremal case with same mass particle collision like the previous literatures [17, 28, 29] . The CME is divergent near the center of black hole and E CM → √ 2M when r → ∞. So, for the nonextremal case and at infinity we have got non-divergent center-of-mass energy (E CM is finite) whereas for extremal case and at the center of this black hole it has been seen divergency of center-of-mass energy (E CM → ∞). Next, we have followed compton scattering process to obtain center-of-mass energy for particle-photon collision and photon-photon collision where photon is coming from Hawking radiation in presence of charged MSW black hole in 2+1 dimensions.
However, in this work we have checked whether there is any possibility to get high CME for the particle collision near MSW black hole in 2+1 dimensions like spinning dilaton black hole in 2+1 dimensions [23, 24] . Finally, we have noticed infinite CME if two particles collide with this type of black hole in 2+1 dimensions. So, this work would be interesting to study MSW black hole in 2+1 dimensions if the particles could generate high center-of-mass energy.
